The devastating 2010 M w 7.0 Haiti earthquake demonstrated the need to improve mitigation and preparedness for future seismic events in the region. Previous studies have shown that the earthquake did not occur on the Enriquillo Fault, the main plate boundary fault running through the heavily populated Port-au-Prince region, but on the nearby and previously unknown transpressional Léogâne Fault. Slip on that fault has increased stresses on the segment of Enriquillo Fault to the east of Léogâne, which terminates in the ∼3-million-inhabitant capital city of Port-au-Prince. In this study, we investigate ground shaking in the vicinity of Port-au-Prince, if a hypothetical rupture similar to the 2010 Haiti earthquake occurred on that segment of the Enriquillo Fault. We use a finite element method and assumptions on regional tectonic stress to simulate the low-frequency ground motion components using dynamic rupture propagation for a 52-km-long segment. We consider eight scenarios by varying parameters such as hypocentre location, initial shear stress and fault dip. The high-frequency ground motion components are simulated using the specific barrier model in the context of the stochastic modeling approach. The broad-band ground motion synthetics are subsequently obtained by combining the low-frequency components from the dynamic rupture simulation with the high-frequency components from the stochastic simulation using matched filtering at a crossover frequency of 1 Hz. Results show that rupture on a vertical Enriquillo Fault generates larger horizontal permanent displacements in Léogâne and Port-au-Prince than rupture on a south-dipping Enriquillo Fault. The mean horizontal peak ground acceleration (PGA), computed at several sites of interest throughout Port-au-Prince, has a value of ∼0.45 g, whereas the maximum horizontal PGA in Port-au-Prince is ∼0.60 g. Even though we only consider a limited number of rupture scenarios, our results suggest more intense ground shaking for the city of Port-au-Prince than during the already very damaging 2010 Haiti earthquake.
I N T RO D U C T I O N
Global positioning system (GPS) measurements have shown that the Caribbean plate is currently moving at about 2 cm yr −1 with respect to the North American plate (DeMets et al. 2000) . This relative motion is distributed across two major active faults in Hispaniola, the Septentrional Fault (SF) along the northern coast of the island and the Enriquillo Plantain Garden Fault (EPGF) that cuts through the southern peninsula of Haiti (Fig. 1) . Historical records document large seismic events in the vicinity of these two strike-slip faults in 1701 , 1751 , 1770 , 1842 and 1887 (Scherer 1912 . These events may have ruptured segments of the SF and the EPGF (Fig. 1 , Ali et al. 2008; Bakun et al. 2012) or may have occurred on nearby faults.
GPS measurements in Hispaniola prior to the 2010 Haiti earthquake showed that the EPGF, presumed to have last ruptured Under the current state of knowledge, although the occurrence of earthquakes cannot be predicted, one can estimate the amplitude, duration, frequency content and spatial variability of the ground motion that is likely to occur at a particular site during an earthquake. This is achieved by modeling probable earthquake scenarios using deterministic (kinematic or dynamic) and/or stochastic ground motion simulation techniques. An example of rupture scenario likelihood based on dynamic rupture simulations is the segmented Middle Durance Fault in southeastern France (Aochi et al. 2006) . In that study, Aochi et al. (2006) studied rupture interactions among several fault segments by varying parameters such as stress field orientation and hypocentre location. The authors estimated which segments are more likely to rupture and evaluated the probability for a multisegment rupture to generate a larger event. Another example based on dynamic rupture simulations is the North Anatolian Fault in Istanbul (Aochi & Ulrich 2015) , where the authors varied the fault geometry, background stress and hypocentre location. In general, kinematic or dynamic simulations are applicable to lower frequencies only. Since peak ground accelerations (PGAs) and spectral accelerations are primarily associated with high frequencies, hybrid simulation approaches that combine deterministic and stochastic simulation techniques are commonly used in practice to generate broad-band ground motions for engineering applications and advance our understanding of seismic hazard for a particular site or region (e.g. Mavroeidis et al. 2008; Graves & Pitarka 2010; Mai et al. 2010; Mavroeidis & Scotti 2013; Lozos et al. 2015) . For example, the Southern California Earthquake Center (SCEC) has recently put together the SCEC Broadband Platform, an open-source software system that can generate broad-band ground motions for historical and scenario earthquakes using physics-based models (Goulet et al. 2015) .
The main objective of this study is to investigate the ground shaking level in southern Haiti if a hypothetical seismic event, similar in magnitude to the 2010 M w 7.0 Haiti earthquake, occurred on the EPGF segment adjacent to the Léogâne Fault and close to the capital city of Port-au-Prince. To achieve this objective, we use a hybrid simulation approach that combines dynamic rupture simulations at low frequencies with stochastic simulations at high frequencies. We analyse a range of rupture scenarios on the considered EPGF segment and generate synthetic ground motions at 19 hypothetical stations and 9 locations where portable K2 accelerometers were deployed following the 2010 Haiti earthquake (Table 1 and Fig. 2 ) (Hough et al. 2010) . These accelerometers were installed in the near field of the rupture with their locations chosen based on the geological setting of the Port-au-Prince metropolitan area Gilles et al. 2013; St Fleur et al. 2016) . It is anticipated that 402 R. Douilly, G.P. Mavroeidis and E. Calais the findings of this study will help assess the seismic hazard in the region.
T E C T O N I C S E T T I N G
The EPGF is a long strike-slip fault that marks the boundary between the Gonave microplate and the Caribbean plate from Jamaica to southern Hispaniola (Mann et al. 1991 (Mann et al. , 1995 Mann & Gordon 1996) . In the southern peninsula of Haiti, the EPGF consists of three distinct strands (western, central and eastern). The western one cuts through the peninsula from Tiburon to Petit-Goâve, whereas the central one extends from Léogâne to Port-au-Prince. These two strands are well expressed in the land surface morphology of the region (Calmus 1983; Momplaisir 1986; Mann et al. 1995) . Along the central one, Prentice et al. (2010) found geomorphic evidence for either vertical or south-dipping faulting with an average dip angle of 65
• . The authors also measured left-lateral offset streams along a 12-km-long fault segment, which they interpreted to result from left-lateral slip during the 1751 or 1770 events.
The eastern strand, which runs from the Cul-de-Sac Basin to the Dominican Republic, is less well expressed in the morphology. Mann et al. (1995) interpreted it as a vertical left-lateral fault, whereas early geological work in southern Haiti mapped the southern boundary of the Cul-de-Sac Basin as a south-dipping reverse fault (Bourgueil et al. 1988) . Recent geological studies, showing active reverse-sinistral faults in the Cul-de-Sac Basin (Terrier et al. 2014; Saint Fleur et al. 2015) and geodetic evidence for north-south shortening localized along the southern edge of the basin , are consistent with the latter hypothesis.
Historical records report four large-magnitude events in southern Hispaniola in the past ∼500 yr, all of them in the 18th century (Scherer 1912) . Their magnitude and location were estimated by Bakun et al. (2012) on the basis of the damage reported in historical archives: 1701, intensity magnitude M I 6.6, close to the 2010 Haiti earthquake; 1751 October 18, M I 7.4, southern Dominican Republic; 1751 November 21, M I 6.6, near Port-au-Prince; and 1770 June 3 M I 7.5, west of the 2010 Haiti earthquake. In addition, geological mapping of the active EPGF in the Southern Peninsula of Haiti shows that its eastern strand consists of four segments of ∼50 km length (Saint Fleur et al. 2015) , each capable of an M w 7 earthquake (Wells & Coppersmith 1994) .
In our analysis, we chose to consider the central strand of the EPGF because of its proximity to the heavily populated city of Port-au-Prince and because its length (∼52 km) and single-segment geometry make it a candidate for a future M w 7.0 earthquake in the region. The geometry of this segment (Fig. 2) is consistent with either interpretation of the eastward continuation of the EPGF into the Cul-de-Sac Basin discussed previously. Finally, that the central strand of the EPGF has been pushed closer to failure by the 2010 earthquake (Symithe et al. 2013; Douilly et al. 2015 ) is yet another justification for investigating a rupture scenario on this fault segment. Fault segmentation and historical earthquakes indicate that this scenario is a realistic one for the region, although not the worst case as several segments could rupture in a single event with a magnitude significantly larger than M w 7.0.
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Faulting model and numerical scheme
In agreement with the tectonic setting described in Section 2, we consider two hypothetical fault geometries-a vertical plane and a plane dipping to the south at 65
• . The strike and length of both faults are consistent with fault trace information published in the literature (Mann et al. 1995) . We use CUBIT (available at: http://cubit.sandia.gov) to generate a finite element model that is 150 km long, 200 km wide and 100 km deep, centred at (18.5
• , −72.5
• ). We discretize the model space using tetrahedral elements with dislocation across the fault surface. As in Douilly et al. (2015) , we choose the mesh size to be 250 m on the fault and to grow geometrically away from the fault at a rate of 1.03 n , where n is an integer that depends on the hypocentral distance from any point inside the medium to the closest point on the fault plane. We incorporate the resulting mesh into PyLith version 1.9 (Aagaard et al. 2013; Douilly et al. 2015) to carry out the dynamic rupture simulation. We use a semi-infinite layered elastic medium with a 1-D structure (Table 2) , derived from the 1-D velocity model of Douilly et al. (2013) . We allow a total dynamic simulation time of 60 s with a time step interval of 0.01 s.
Stress field and frictional parameters
In the absence of regional stress studies for Haiti that would provide the optimum direction of the stress axes, Douilly et al. (2015) used a trial-and-error approach to estimate the direction of the principal stress that could generate shear stresses consistent with the expected motion on the Léogâne, Enriquillo and Trois Baies fault segments together, under the assumption that the slip vector is colinear with the direction of the shear traction (Angelier 1979; Gephart & Forsyth 1984) . They found a maximum horizontal stress orientation between N50
• E and N60
• E. In this work, we apply the same procedure, but only the N50
• E orientation is considered to estimate the initial state of stress on the EPGF. This is consistent with principal strain rates derived from a recent compilation of geodetic results in the region . Similar to Douilly et al. (2015) , we estimate the principal strain components using the shape factor R and relate them to the principal stress components as shown in eq. (1) (Angelier 1990; Aagaard et al. 2004) :
where ε 1 = 6 × 10 −4 and ε 2 = 1 × 10
where ε is the estimated principal strain tensor, σ is the principal stress tensor and λ and μ are the Lamé parameters. Because of the uncertainty in the stress field, the principal stress tensor is estimated at an average depth of 8 km in order to have a uniform shear and normal stress across the fault. The principal stress is rotated to the east-north-up coordinate system and a constant overburden pressure is added to the normal stresses to prevent the fault from opening. The resulting stress tensor is then used to calculate the initial shear and normal tractions on the fault plane. As a result, these initial tractions are different for the vertical and south-dipping fault cases. We should also note that the principal stress orientation and magnitude used in this study are not well constrained because there is no prior stress inversion study for this region. Therefore, varying the orientation of the principal stresses will impact the magnitude of the shear and normal tractions. In source dynamics, traction and slip on a fault are related through a friction law. In this study, the slip-weakening friction law (Ida 1972; Andrews 1976 ) is adopted, where fault slip is considered to be zero until the shear stress reaches a critical value. The shear stress then decreases linearly from the failure stress to the sliding stress along a slip-weakening distance (D c ). This fracture criterion is expressed by the friction coefficient μ f :
where μ d is the dynamic friction coefficient, μ s is the static friction coefficient, D is the slip and D c is the slip-weakening distance. A static friction coefficient of 0.6 and a dynamic friction coefficient of 0.35-parameters commonly found in laboratory experiments (e.g. Pec et al. 2016 ) and used in dynamic simulation studies (e.g. Aochi et al. 2006; Aochi & Ulrich 2015) -are applied across the fault. As a result, the modeled fault segment is subjected to a stress drop of 4.2 MPa (respectively, 3.8 MPa) for the vertical fault (respectively, south-dipping fault), whereas the strength parameter S is equal to 2.26 (respectively, 2.21) (Das & Aki 1977) . The mathematical expression for S is provided by
where τ o is the initial shear stress, μ s ·σ n is the failure stress and μ d ·σ n is the sliding stress. Table 3 summarizes the values of the aforementioned parameters for the dynamic rupture simulations conducted in this study.
Since it is not possible to predict the exact location of the nucleation of rupture for a potential earthquake, we consider two hypothetical locations of the hypocentre along the fault strike (∼35 km apart). Both hypocentres lie near the base of the seismogenic zone (∼10 km deep). We initiate the rupture by generating a circular crack of 2.5 km radius over a zone where we impose the shear stress to be 5 per cent greater than the failure stress (Day 1982; Madariaga et al. 1998) . In addition to varying the hypocentre location, we also consider heterogeneity in the initial shear stress. Scenario A contains two patches of 6.5 km radius over which the shear stress is 15 per cent greater than the initial shear stress on the fault. In scenario B, we increase the shear stress by 15 per cent in the upper 5 km of the fault in order to mimic the shear stress increase found along the upper part of the EPGF segment adjacent to the Léogâne Fault resulting from the 2010 Haiti earthquake (Symithe et al. 2013; Douilly et al. 2015) . Due to this complexity in heterogeneity, regions of higher shear stress are subject to an increase in stress drop to 7.7 MPa for a vertical fault and 7.0 MPa for a south-dipping fault, which is still within the typical stress drop range inferred by Hardebeck & Aron (2009). As a result, the strength parameter within those patches of shear stress increase is reduced to 0.76 and 0.79 for a vertical and south-dipping fault, respectively. Although only a few cases have been reported in the literature, a large near-surface stress drop or fault slip can occur during an earthquake (e.g. 1992 Landers, 1999 Hector Mine and 2002 Denali earthquakes) (Wald & Heaton 1994; Bouchon et al. 1998; Jónsson et al. 2002; Wright (Table 4) where we vary fault geometry, hypocentre location and initial shear stresses (Fig. 3) . For a type A (respectively, type B) scenario where rupture initiates at location 1 (respectively, location 2) on a southdipping (respectively, vertical) fault, we will refer to it as scenario DA1 (respectively, VB2). We emphasize that the cases considered in this study represent only a subset of all potential rupture scenarios that are compatible with the geological and seismological information available.
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We generate the high-frequency components of the synthetic ground motion using the specific barrier model (SBM, Papageorgiou & Aki 1983a, b; Papageorgiou 2003 ) and the stochastic modeling approach (Boore 1983; Shinozuka 1988 ). The SBM is a particular case of a composite seismic source model according to which the seismic moment is distributed in a deterministic manner on the fault plane on the basis of moment and area constraints. The SBM applies both in the near-and far-field regions, allowing for consistent ground motion simulations over a wide frequency range and for all dis- Table 4 ).
tances of engineering interest. In the SBM, the fault is visualized as an ensemble of non-overlapping circular subevents (shear cracks) of equal diameter 2ρ 0 (also known as barrier interval) that cover a rectangular fault with length L and width W (Fig. 4) . As the rupture front propagates along the fault, a local stress drop σ L occurs on each subevent. The subevent rupture starts from its centre and spreads radially outward with a constant spreading velocity υ until it is arrested by the barriers, which are denoted by the shaded area between the subevents in Fig. 4 . The SBM has been calibrated to shallow crustal earthquakes of three different tectonic regions (interplate, intraplate and extensional regimes, Halldorsson & Papageorgiou 2005) . Given an earthquake magnitude and a tectonic setting, the interdependence of other source parameters on the local stress drop σ L and the barrier interval 2ρ 0 allows the causative earthquake fault to be constructed. In a recent study, Halldorsson & Papageorgiou (2012a) relaxed the basic assumption of non-overlapping circular subevents of equal diameter by allowing the subevents to vary in size according to various prescribed probability density functions controlling the frequency of occurrence of subevent sizes.
Figure 3. Scenarios of initial shear stress considered in our low-frequency ground motion simulations using dynamic rupture modeling. The red circular asperity-over which the shear stress is greater than the initial shear stress-represents the area where fault rupture initiates. Scenario A: two patches over which the shear stress is 15 per cent greater than the initial shear stress. Scenario B: shear stress is 15 per cent greater than the initial shear stress in the upper 5 km of the fault. T =T S + 0.05r High-frequency source complexity factor (ζ ) ζ = 10 2η , where: η = −0.12(M w -6.3)
The stochastic modeling approach (Boore 1983; Shinozuka 1988) has extensively been used by engineers (using empirical spectra) and seismologists (using spectra derived from physical models of the source). The intent of this approach to strong motion simulation is to capture the essential characteristics of high-frequency motion at an average site from an average earthquake of specified magnitude. Table 5 summarizes the stochastic model and the corresponding parameters that were either selected or obtained in the calibration of the SBM to strong motion data of interplate earthquakes in the context of the stochastic modeling approach (Halldorsson & Papageorgiou 2005) . These model parameters are used in this study to simulate the high-frequency components of the synthetic ground motion.
Since all stations of interest are in the near field of the ruptured fault (Fig. 2) , it is necessary to simulate time histories for each individual subevent of the SBM, rather than for the entire seismic event as an aggregate of subevents. As explained by Halldórsson et al. (2011) , the subevent time histories are subsequently summed up at the station, appropriately lagged in time accounting for the time it takes the rupture front to reach the subevent and for the traveltime of the seismic radiation from the subevent to the station. For a particular station, the arrival time of the seismic radiation emitted by each subevent is estimated using the concept of isochrones (Spudich & Frazer 1984; Halldorsson & Papageorgiou 2012b) . The isochrones are computed based on the rupture times obtained from the dynamic rupture simulation and the traveltimes obtained using the fault-to-station geometry and the 1-D velocity model in Table 2 . The high-frequency time histories simulated in this manner account for the effects that the fault geometry and rupture progression have on the high-frequency strong motion expected at the station.
The calibrated SBM has adopted the National Earthquake Hazards Reduction Program (NEHRP) site classes, based on the average shear wave velocity in the uppermost 30 m (V S30 ), as indicators of site response (Halldorsson & Papageorgiou 2005) . This includes application of the non-linear site amplification function for soil sites proposed by Atkinson & Silva (2000) . Recent studies in Haiti have used cross analysis of geological, geotechnical and geophysical data to define the soil classes in Port-au-Prince Gilles et al. 2013) . Based on these studies, the soil conditions in Port-au-Prince can predominantly be characterized as Site Class C. It is only the coastal areas and the region north of the city where soil conditions consistent with Site Class D and Site Classes A-B, respectively, are observed. For the 13 stations (APP, HVPR, CIM, HBME, PAP, HVGZ, HPLZ, HVCV, HHMT, CFR, FRE, TDE and HCEA) located in or near Port-au-Prince, we determine the soil type based on the V S30 values reported by Gilles et al. (2013) . For the remaining stations where no V S30 values are available, we use a generic Site Class C. The only exception is the station in Léogâne (LEO), where we assign a Site Class D based on findings of a near-surface seismic investigation (Kocel et al. 2016) . Table 1 summarizes the NEHRP site classification for all stations considered in this study.
Similar to the procedure adopted by Mavroeidis & Scotti (2013) , we consider two modeling approaches that involve variable-and uniform-size subevents to generate the high-frequency components of the synthetic ground motion for each of the eight scenarios of dynamic rupture simulation summarized in Table 4 . For both modeling approaches, we generate 20 realizations to account for the uncertainty in the amplitude of the white Gaussian noise which is utilized to simulate the high-frequency ground motion.
In the first modeling approach, the fault rupture is represented by an aggregate of N variable-size subevents. The seismic moment M 0,i of an individual subevent i represented by a circular crack of radius R i is provided by eq. (4), whereas the total seismic moment M 0 of the aggregate of all subevents is expressed by eq. (5) (Papageorgiou & Aki 1983a) :
For the variable-size subevent distributions shown in Figs 5 and 6, the total seismic moment M 0 is obtained from the dynamic rupture simulation, the local stress drop σ L is set equal to 161E+05 Pa (see Table 5 ), and the number N and radii R i of the subevents are determined so as to satisfy eq. (5) and match, to the extent possible, the spatial distribution of slip obtained from the dynamic rupture simulation (see also discussion in Section 5.1). It should be noted that there is no unique way of determining the number, size and location of the variable-size subevents on the fault plane, but the particular characteristics of the subevent distribution are not expected to affect significantly the simulations results. As has been demonstrated by Halldorsson & Papageorgiou (2012a) , the differences observed in spectral amplitudes for different subevent distributions are typically less than the expected uncertainty associated with the estimation of the local stress drop from strong motion data.
The average far-field S-wave radiation from an individual subevent i is then represented by a source spectrum S i (f), which can conveniently be approximated by an 'ω-square' spectrum (Aki 1967 ) with corner frequency f 2,i and subevent seismic moment M 0,i (Papageorgiou 1988) :
The corner frequency f 2,i is related to the radius R i of the subevent and is given by
where β is the shear wave velocity in the vicinity of the source, C s is a model-dependent implicit function of υ/β (1.72 ≤ C s ≤ 1.85 for 0.7 ≤ υ/β ≤ 0.9) for the symmetric circular crack (Sato & Hirasawa 1973) and υ is the spreading velocity of rupture inside the subevent. In the second modeling approach, we represent the fault rupture by an aggregate of uniform-size subevents filling up the rectangular fault plane. We consider a fixed number of 10 subevents (Fig. 4) and equally distribute the total seismic moment obtained from the dynamic rupture simulation to them. By combining eqs (4) and (5) and by setting the local stress drop σ L equal to 161E+05 Pa (see Table 5 ), we determine the diameter of the subevents (also known as barrier interval) to be 11.4 km. Fig. 5 shows the final distribution of slip on the fault plane for hypocentre location 1 and scenarios A and B, both for the cases of south-dipping and vertical faults (Table 4) . For all configurations shown in Fig. 5 , the fault rupture initiates near Léogâne at 10 km depth. For scenario A, the rupture delineates two distinct slip patches between depths of 5-15 km, roughly coinciding with the regions over which the shear stress is increased (see Section 3.2 and Fig. 3 ). For scenario B, slip is predominantly concentrated near the surface consistent with the shear stress increase in the upper 5 km of the fault rupture (see Section 3.2 and Fig. 3) . We obtain similar results when the fault rupture initiates near Port-au-Prince at 10 km depth (hypocentre location 2; see Fig. 6 ). Despite differences in the slip distribution, the cumulative moment release for all cases shown in Figs 5 and 6 results in an M w ∼ 7.1, which is within the range of expected magnitude for a fault of this length (Wells & Coppersmith 1994) and consistent with historical earthquakes and fault segmentation in southern Haiti.
S I M U L AT I O N R E S U LT S
Low-frequency ground motion
Figs 7 (hypocentre at location 1) and 8 (hypocentre at location 2) show the horizontal permanent displacements at selected stations and the spatial distribution of vertical permanent displacements over an extended area for all scenarios of dynamic rupture simulation listed in Table 4 . Stations located north of the causative fault experience larger horizontal permanent displacements for a rupture on a vertical fault than for a rupture on a south-dipping fault. For instance, for scenario A in Fig. 7 , station LEO has a horizontal permanent displacement of 30 cm (respectively, 50 cm) from rupture on a south-dipping (respectively, vertical) plane. Furthermore, the horizontal permanent displacements at stations PAP, GRS and NF2 are at least 1.5 times greater for the vertical plane than for the south-dipping plane. In addition, even though the seismic moment release for scenarios A and B is approximately the same, the horizontal permanent displacements are typically greater for scenario 408 R. Douilly, G.P. Mavroeidis and E. Calais B than for scenario A. This difference in horizontal permanent displacements is even more pronounced for northern stations located close to the fault. This observation can be attributed to the fact that the slip patches for scenario B are predominantly concentrated near the surface (Figs 5 and 6) and hence generate larger horizontal permanent displacements in the vicinity of the fault. As anticipated, larger vertical permanent displacements are observed for the southdipping plane than for the vertical plane for both scenarios A and B. Also, in contrast to horizontal permanent displacements, stations located directly south of the ruptured segment (e.g. NF1, NF3 and NF5) experience larger vertical permanent displacements (∼0.8 m uplift) than stations located north of the ruptured segment (e.g. LEO, GRS and PAP) for both scenarios A and B. Therefore, we infer that a vertical (respectively, south-dipping) fault plane generates larger horizontal (respectively, vertical) permanent displacements at stations located north (respectively, south) of the fault. Despite the fact that the vertical permanent displacements corresponding to hypocentre locations 1 and 2 (Figs 7 and 8) exhibit similar spatial distributions, slight differences can be observed in the respective horizontal permanent displacements. In general, eastern stations (e.g. NF3, NF5, NF6, FRE, PAP and APP) experience larger horizontal permanent displacements for a rupture starting at location 1 than for a rupture starting at location 2. As an example, for scenarios VA1 and VA2, stations NF5 and FRE experience permanent displacements of 100 and 85 cm (respectively, 75 and 60 cm) for a rupture starting at location 1 (respectively, location 2). Similar conclusions can be drawn for western stations (e.g. LEO, GRS and FUC), which experience larger permanent displacements for a rupture starting at location 2 rather than location 1.
Figs 9 and 10 show the spatial distribution of peak ground velocity (PGV) in the fault-normal and fault-parallel directions for the cases of vertical fault rupture. The energy for a rupture initiated at location 1 (respectively, location 2) is more diffused in the easternmost (respectively, westernmost) region. This pattern is more visible for scenario A than for scenario B due to the fact that the slip patches for the former scenario are located at greater depths. The peak horizontal ground velocities shown in Figs 9 and 10 and Figs S1 and S2 in the Supporting Information incorporate the effects of forward rupture directivity and fling step. Forward directivity occurs when the fault rupture propagates toward a site with a rupture velocity that is approximately equal to the shear wave velocity. As a result, most of the energy arrives coherently in a single, intense, relatively long-period pulse at the beginning of the record representing the cumulative effect of almost all the seismic radiation from the fault. Forward directivity manifests itself in the fault-normal direction for both strike-slip and dip-slip faults (Fig. 9 and Fig. S1 , Supporting Information). By initiating the rupture on the western part of the fault segment, the rupture propagates from west to east, thus generating more intense ground velocities near Port-au-Prince than a rupture initiated on the eastern part of the fault segment. On the other hand, fling step is a consequence of permanent fault displacement and appears in the form of one-sided velocity pulse in the fault-parallel direction ( Fig. 10 and Fig. S2 , Supporting Information). The critical role of rupture directivity and fling step on ground motion has been observed both in ground motion simulations (Aki 1968; Haskell 1969; Mavroeidis & Papageorgiou 2010; Lozos et al. 2015) and in numerous actual earthquakes (Somerville et al. 1997; Mavroeidis & Papageorgiou 2003; Bray & Rodriguez-Marek 2004) . Certain scenarios, such as DA1 and DA2 or VB1 and VB2, exhibit strong similarities in terms of their distributions of final slip (Figs 5 and 6) and their spatial distributions of permanent ground displacement (Figs 7 and 8) . Therefore, to avoid redundancy, we choose to consider only scenarios DA1, VA1, DB1, VB2, VA2 and DB2 in the broad-band ground motion simulations discussed in Section 5.2.
Earthquake simulation on Enriquillo Fault
Broad-band ground motion
We generate three-component time histories of broad-band ground motion for all stations listed in Table 1 . To obtain the broad-band synthetics, we combine the low-frequency ground motions from the dynamic rupture simulations (scenarios DA1, VA1, DB1, VB2, VA2 and DB2) with the high-frequency ground motions from the stochastic simulations (uniform-and variable-size subevent distributions) using matched filtering at a crossover frequency of 1 Hz. Figs 11 and 12 present broad-band results of acceleration, velocity and displacement time histories at selected stations (FUC, LEO, NF3, PAP, NF5 and NF4) distributed evenly along the ruptured fault segment, both for the uniform-and variable-size subevent distributions of scenario VA1. The directions pointing north, east and upward define the positive sign convention of the synthetic time histories.
Tables S1 and S2 in the Supporting Information contain the mean and standard deviation values of broad-band PGA for all stations listed in Table 1 , obtained by combining simulation results of low-(scenarios DA1, VA1, DB1, VB2, VA2 and DB2) and high-frequency (20 realizations of uniform-and variable-size subevent distributions) synthetics. proposed by Boore & Atkinson (2008) for the average horizontal PGA, whereas the dashed lines represent plus or minus one standard deviation around the mean. The GMPE curves have been plotted for NEHRP Site Class C (V S30 = 520 m s −1 ) consistent with the site conditions of the majority of stations considered in our simulations. Data points with Joyner-Boore distance less than 0.1 km are plotted at 0.1 km. Figs 13 and 14 indicate that the synthetic PGA values are in good agreement with the GMPE proposed by Boore & Atkinson (2008) , with most Site Class C stations lying between the mean and mean minus one standard deviation curves. As anticipated, Site Class D stations have on average greater PGA values than Site Class C stations. Station PAP has a mean horizontal PGA of ∼0.45 g (respectively, ∼0.35 g) for a rupture on a vertical (respectively, south-dipping) fault for the uniform and variablesize subevent distributions, whereas the maximum horizontal PGA among all realizations is ∼0.60 g. Nevertheless, it should be pointed out that the range of response defined by our realizations does not represent the entire uncertainty that characterizes the problem under investigation (see discussion in Mavroeidis & Scotti 2013) .
Similar to the low-frequency simulation results presented in Section 5.1, stations located north of the ruptured fault segment experience higher PGA for a vertical fault (scenario VA1) than for a southdipping fault (scenario DA1) due to the shorter distance of these stations to the vertical fault plane. In addition, for the uniform-size subevent distribution, PGA values at stations near Port-au-Prince are approximately the same for ruptures initiated at hypocentre locations 1 and 2 (scenarios VA1 versus VA2 and scenarios DB1 versus DB2) ( Fig. 13 and Table S1 , Supporting Information). However, this is not the case for the variable-size subevent distribution (Fig. 14 and  Table S2 , Supporting Information). Rupture at hypocentre location 2 generates higher PGA values for stations in Port-au-Prince than rupture at hypocentre location 1 (scenarios VA2 versus VA1 and scenarios DB2 versus DB1). For instance, stations HBME, APP, HVPR and PAP have a mean horizontal PGA of ∼0.26, ∼0.26, ∼0.32 and ∼0.44 g for scenario VA1 and ∼0.38, ∼0.33, 0.42 and ∼0.57 g for scenario VA2 (Table S2 , Supporting Information). This difference in results between hypocentre locations 1 and 2 for the variable-size subevent distribution is primarily attributed to the location and size of the subevents in the proximity of Port-au-Prince rather than the location of the hypocentre itself.
D I S C U S S I O N
Despite the fact that no strong motion instruments were operating in the source region at the time of the 2010 Haiti earthquake, several studies have attempted to estimate the ground shaking level mostly in the Port-au-Prince urban area. Low-frequency dynamic rupture simulations conducted by Douilly et al. (2015) on the Léogâne Fault predicted the PGA in Port-au-Prince to be ∼0.1 g. This PGA estimate is low compared to other studies because dynamic rupture simulations with simplistic stress complexity and based on 1-D velocity models do not account for higher frequencies that are necessary to adequately resolve the PGA at a site. Dynamic rupture studies have shown that complexities, such as fault roughness or stochastic stress asperities, can lead a rupture to reach higher frequencies (Oglesby & Day 2002; Shi & Day 2013 , Lozos et al. 2015 . Furthermore, Hough et al. (2012) used a rigid body displacement technique and inferred a PGA value of ∼0.2 g in Port-au-Prince, not too far off from that of Douilly et al. (2015) . The U.S. Geological Survey ShakeMap and Olson et al. (2011) estimated the PGA in Port-au-Prince to be of the order of 0.3 g. Goodno et al. (2011) correlated average structural damage at specific sites to estimated ground motion from other studies to infer a mean PGA in Port-au-Prince of the order of 0.13-0.47 g. Finally, Mavroeidis & Scotti (2013) 412 R. Douilly, G.P. Mavroeidis and E. Calais used the coseismic slip distribution from Hayes et al. (2010) to simulate broad-band ground motions by combining low-frequency synthetics generated using the discrete wavenumber representation method (Bouchon 1979 ) with high-frequency synthetics generated using the SBM (Papageorgiou & Aki 1983a,b; Papageorgiou 2003) . They estimated the mean PGA in Port-au-Prince to be 0.20-0.33 g.
Our broad-band simulations for a rupture on a vertical (respectively, south-dipping) EPGF indicate that the mean PGA in Port-au-Prince is ∼0.45 g (respectively, 0.35 g), which is about 1.5-2.0 times greater than the estimated PGA from the 2010 Haiti earthquake on the Léogâne Fault, whereas the maximum PGA could reach values up to ∼0.6 g. However, it should be pointed out that other potential fault segments, closer to Port-au-Prince, could generate even more intense ground motions in this area. For instance, used a crude ground ShakeMaptype calculation to show that ground shaking from a rupture on a shallow south-dipping reverse fault segment along the southern edge of the Cul-de-Sac Basin may generate a PGA up to ∼0.75 g in Port-au-Prince.
We note that our simulations should be considered as the lower bound of the ground motion variability spectrum since other localized effects, besides soil type, not taken into account in this study, could amplify ground shaking. Hough et al. (2010) investigated ground motion throughout Port-au-Prince from smaller events following the 2010 Haiti earthquake and found that topographic amplification could explain some of the localized damage observed. In a recent study, St Fleur et al. (2016) used aftershock data from the 2010 Haiti earthquake along with spectral ratio methodologies and 1-D simulation analysis in soil columns to estimate ground motion amplification at seismological stations deployed in Port-au-Prince after the event. At most of the stations (HPKH, HBME, USEM, HPLZ, HVGZ and HHMT), the amplification at low frequencies was found to be slightly lower than 3. However, strong amplification was observed at two stations (HVCV and HVPR) in the 1-5 Hz frequency range, which was attributed to lithological and topographic site effects. Station HVPR (with amplification greater than 5) is located less than 5 km away from station PAP considered in our analysis, with the same soil type. Therefore, it is not unreasonable to assume that station PAP could experience similar amplification as station HVPR, thus increasing the intensity of the synthetic ground motion over the particular frequency range.
C O N C L U S I O N S
We generated broad-band ground motions in the vicinity of a hypothetical M w 7.1 earthquake consistent with a 52-km-long rupture on the plate boundary fault segment adjacent to, and to the east of, the 2010 Léogâne Fault rupture in Haiti. Field observations have shown evidence of recent earthquake ruptures (Prentice et al. 2010) and geodetic measurements have attested that this fault segment is currently accumulating elastic strain likely to be released 414 R. Douilly, G.P. Mavroeidis and E. Calais in future earthquakes (Calais et al. 2010 ). In addition, Symithe et al. (2013) showed that coseismic Coulomb failure stress changes caused by the 2010 earthquake have likely brought this segment closer to rupture. We used dynamic rupture simulations to generate the low-frequency ground motion and the SBM (in the context of the stochastic modeling approach) to generate the high-frequency ground motion. The two independently derived ground motion components were then combined using matched filtering at a crossover frequency of 1 Hz to generate broad-band ground motions consistent with eight scenarios representing plausible fault dips, hypocentre locations and initial shear stresses. Despite the limited number of scenarios, results from the low-frequency simulations showed that a vertical EPGF generates larger horizontal permanent displacements for stations located north of the fault segment than a south-dipping EPGF. Broad-band ground motion simulations showed that the mean PGA in Port-au-Prince is ∼0.45 g, which is about twice as much as the estimated PGA during the 2010 Haiti earthquake. The fact that the intensity of ground motion experienced in Port-au-Prince during the 2010 earthquake could be surpassed during the rupture of the fault segment modeled in this study should serve as a warning for Haitian engineers and the population in general. The 2010 earthquake, as devastating as it was to Port-au-Prince, is unfortunately not the worst-case scenario for the region. Given that the fault rupture simulated here-consistent with geological and geodetic evidences-could be even more disastrous than the 2010 Haiti earthquake, stringent measures must be taking place in order to reinforce buildings, particularly critical facilities (hospitals, civil protection centres) and high-occupancy buildings (schools and public administrations), at least to the standards described in the recently published Haiti Building Code (CNBH 2012).
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S U P P O RT I N G I N F O R M AT I O N
Supplementary data are available at GJI online. Figure S1 . Spatial distribution of peak ground velocity (PGV) in the fault-normal direction obtained from dynamic rupture simulations on a south-dipping fault. The black star shows the epicentre location, the white triangles mark the location of selected stations and the colour gradient characterizes the magnitude of the peak horizontal ground velocity. Figure S2 . Spatial distribution of peak ground velocity (PGV) in the fault-parallel direction obtained from dynamic rupture simulations on a south-dipping fault. The black star shows the epicentre location, the white triangles mark the location of selected stations and the colour gradient characterizes the magnitude of the peak horizontal ground velocity. Table S1 . Mean and standard deviation values of PGA (g) for all stations listed in Table 1 obtained by combining low-(scenarios DA1, DB1, VA1, VB2, VA2 and DB2) and high-frequency (uniform-size subevent distribution) simulation results. Please note: Oxford University Press is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the paper.
